Agave tequilana, a species exhibiting crassulacean acid metabolism, is cultivated in Mexico for its stem and attached leaf bases from which the distilled beverage tequila is obtained. The physiological reasons why its cultivation was mostly restricted to regions in Jalisco with minimum air temperatures in 1996 above -4°C and maximum temperatures below 36°C was investigated using plants under controlled conditions in the laboratory. Agave tequilana was relatively intolerant of low temperatures compared with other agaves, with poor low-temperature acclimation and a halving of uptake of the vital dye neutral red by chlorenchyma cells at -8°C for plants at low day/night temperatures of 15°C/5°C. On the other hand, a high temperature (55°C) had only a modest inhibitory effect on cellular dye uptake for plants grown at day/night temperatures of 35°C/25°C. Compared with plants grown and measured at day/night air temperatures of 15°C/5°C and 25°C/15°C, daily net CO 2 uptake by leaves decreased 70% and respiratory net CO 2 loss by achlorophyllous leaf bases and presumably stems increased three-fold for plants at 35°C/25°C. The restricted regions for its cultivation reflects avoidance of freezing damage at sub-zero temperatures and a daily carbon loss at day/night air temperatures of about 35°C/25°C and above.
Introduction
Agaves are cultivated in arid and semi-arid regions worldwide for fiber, animal feed, and alcoholic beverages, as an ornamental, as well as for some minor purposes such as a food wrapping (Nobel, 1994; Valenzuela, 1994) . The genus contains 140 species, which constitute most of the family Agavaceae (Gentry, 1982; Nobel, 1988) . Such plants are well adapted to arid and semi-arid environments as they utilize crassulacean acid metabolism (CAM), which was independently documented on three continents in the late 1960s for Agave americana (Neales et al., 1968; Ehrler, 1969; Kristen, 1969) . CAM plants fix atmospheric CO 2 mainly at night, when temperatures are lower than during the daytime, thereby decreasing the accompanying transpirational loss of water from plant to the atmosphere. An economically important CAM species is Agave tequilana, cultivated primarily in the Mexican state of Jalisco for the production of the distilled alcoholic beverage tequila (Nobel, 1994; Valenzuela, 1994) . Research activity for its micropropagation and to accelerate maturity is financially supported by the private tequila industry, but the species remains understudied from an ecophysiological point of view (Nobel & Valenzuela, 1987; Nobel, 1988) .
The commercially important part of A. tequilana for tequila production is the stem and attached leaf bases, commonly termed a piña because it resembles a pineapple fruit (leaves are cut off near their bases with a special tool; Valenzuela, 1994) . The piñas are harvested 7-9 years after planting but before the inflorescence is produced by this monocarpic perennial. The stems of pre-flowering plants of A. tequilana at 5 and 7 years of age contain about 80% non-structural carbohydrates by dry weight, whereas the green leaves contain about 20% (Nobel, 1990 ; non-structural carbohydrates are sugars, starch, and other polysaccharides that can be hydrolysed to sugars, in contrast to cellulose, a structural carbohydrate that cannot be used for ethanol production). The leaf non-structural carbohydrate levels of A. tequilana are slightly lower than for the highly investigated Agave deserti but the stem levels are 2-to 3-fold higher (Denison & Nobel, 1988; Tissue & Nobel, 1988 , 1990 , underscoring the suitability of stems of A. tequilana as a starting material for carbohydrate fermentation to produce alcohol.
The present research investigated how temperature and temperature extremes influence the regions suitable for cultivation of A. tequilana. One hypothesis is that areas for successful cultivation are dictated by tolerance to low or high temperatures. Tissue tolerances to extreme temperatures can be studied by the cellular uptake of a vital dye such as neutral red, which accumulates in the vacuoles of living cells only. A useful index of temperature tolerance is the temperature at which cellular dye uptake is halved, which is a few degrees above the low-temperature extreme at which no cells take up the dye and the plant dies (Onwueme, 1979; Nobel, 1988; Loik & Nobel, 1993) . Another hypothesis is that temperature significantly influences daily net CO 2 uptake or loss. To test this hypothesis, plants were grown under day/night air temperatures that encompass the range of mean monthly temperatures where A. tequilana is grown in Jalisco (Nobel & Valenzuela, 1987; Valenzuela, 1994) . Both net CO 2 uptake by green leaves and respiratory CO 2 loss by the leaf bases were determined so that temperature responses of carbon gain by entire plants could be predicted.
Materials and methods
Bare-root plants of Agave tequilana Weber (Agavaceae) with shoot heights averaging 52 cm and with 8-9 unfolded leaves per plant were obtained from a commercial plantation in Tequila, Jalisco, in December 1996. They were planted in 5 l plastic pots in a 1:1:1 mixture of sandy loam soil from the north-western Sonoran Desert (Nobel, 1976) :medium quartz sand:potting soil (L&L Nursery Supply, Chino, CA). They were maintained for 3 months in a glasshouse at the University of California, Los Angeles, with average day/night maximum/minimum air temperatures of 28°C/17°C, maximum/minimum relative humidities of 70%/45%, and 80% of the ambient (outside) photosynthetic photon flux (PPF, 400-700 nm; measured with an LI-190S quantum sensor, Li-Cor, Lincoln, NE). Every week, 0.2-strength Hoagland's solution was applied to keep the soil water potential in the root zone above -0.3 MPa (measured with PT51-10 soil thermocouple psychrometers, Wescor, Logan, UT). To test temperature responses, four plants were placed in each of three Conviron E-15 environmental chambers (Controlled Environment, Pembina, ND) for 2 months before measurement. The chambers had day/night air temperatures of 15°C/5°C, 25°C/15°C, or 35°C/25°C, with a photoperiod of 12 h. The instantaneous PPF at the top of the canopy was 770 µ mol m -2 s -1 (total daytime PPF of 33 mol m -2 d -1 ). To assess sensitivity to extreme temperatures, samples approximately 8 mm long by 4 mm wide were removed near midleaf with a razor blade and wrapped in aluminum foil. Type T copper-constantan thermocouples (Omega Engineering, Stamford, CT) were placed in contact with the samples, and to test low-temperature tolerance were cooled in the dark in a ULT-80 ultra-low-temperature freezer (Rheem Manufacturing, West Columbia, SC) at approximately 5°C h -1 , a cooling rate similar to that for leaves in the field (Nobel, 1988) . Samples were maintained at a particular temperature ± 0.5°C for approximately 1 h and then warmed at 5°C h -1 to 20°C before ascertaining cellular accumulation of the vital dye neutral red (3-amino-7-dimethylamino-2-methylphenazine [HCl] ) in the vacuoles of living cells (Onwueme, 1979; Loik & Nobel, 1993) . To facilitate dye entry after temperature treatment, the samples were sliced with a razor blade to obtain chlorenchyma sections that were about 0.2 mm (4-5 cells) thick, and 1 ml of 0.1% (w/w) neutral red in 25 mM potassium phosphate (pH 7.8) was added to sections in individual dishes. After 10 min, the sections were rinsed in the phosphate buffer and then examined at 100 ϫ using a BH-2 phase contrast microscope (Olympus, Lake Success, NY) to which a digital PVC 100C color camera (Pixera, Cupertino, CA) with Image-Pro Plus 3.0 image analysis software (Media Cypernetics, Silver Spring, MD) was attached. High-temperature tolerance was similarly examined for samples heated using a Büchi 461 temperature-controlled water-bath (Laboratoriums-Technik, Göppingen, Germany) at 10°C h -1 to a particular temperature, maintained for 1 h, and then returned at 10°C h -1 to 20°C. Net CO 2 uptake by the leaves and respiration by the achlorophyllous leaf bases was also determined for plants under each of the three daily temperatures regimes. Net CO 2 uptake was measured every 1-2 h over 24-h periods using a Li-Cor LI-6200 portable photosynthesis system and a Li-Cor 0.25-L leaf chamber. The chamber top was replaced by a clear plexiglass extension at a 45° angle with an opening of 1 cm ϫ 4 cm whose margin was covered with closed-cell foam to make a gas-tight seal between the chamber and the upper surface of a leaf. Respiration was determined for samples approximately 2 g in fresh weight, removed near noon from the whitish inner side of leaf bases using a razor blade. Each sample was placed in an LD1 reaction chamber (Hansatech, Norfolk, England) attached via Tygon tubing to an A82 constant temperature water-circulator (Haake, Berlin, Germany); temperature was stable ± 0.2°C, as monitored by copper-constantan thermocouples. A Li-Cor LI-6200 CO 2 gas analyser in the differential mode with a flow rate of 12 ml min -1 was used to measure respiration; each measurement took up to 50 min, with 10 min required to reach the next higher temperature. To determine dry weight used for the expression of respiration rates, samples of leaf bases were dried at 80°C in a forced-draft oven until no further weight change occurred (generally 48 h).
Results
Agave tequilana is an important crop in Mexico but is cultivated in only very restricted regions in east-central Jalisco near Arandas, in central Jalisco near Tequila, and in a few other locations in that state ( Fig. 1(a) ). These regions generally did not have minimum temperatures below -4°C in 1996 ( Fig. 1(b) ) or maximum temperatures above 36°C (Fig. 1(c) ), suggesting that temperature extremes could affect the commercially successful cultivation of A. tequilana.
Uptake of the vital dye neutral red by the chlorenchyma cells progressively decreased as sub-zero temperatures were lowered (Fig. 2) . The temperature at which dye uptake was halved was -6.0°C for plants from 35°C/25°C, -6.8°C for those from 25°C/15°C, and -8.2° for those from 15°C/5°C. In contrast to their susceptibility to low temperatures (Fig. 2) , plants from 35°C/25°C were not very sensitive to high temperatures; in particular, uptake of neutral red by chlorenchyma cells was not significantly decreased for leaf samples maintained for 1 h at 50°C or 53°C, and 1 h at 55°C decreased it by only 36% (35-45 cells examined from each of N = 4 plants).
Net CO 2 uptake by A. tequilana was negative throughout most of the daytime but became positive in the late afternoon, especially at the lower day/night air temperatures of 15°C/5°C and 25°C/15°C (Fig. 3) at 35°C/25°C (Fig. 3) .
Respiration by the chlorophyll-free thickened leaf bases of A. tequilana increased with measurement temperature but decreased with increases in the day/night air temperatures used for growth (Table 1) . At the lowest measurement temperature of 5°C and for plants grown at 15°C/5°C, the respiration rate was 0.66 µmol CO 2 evolved s -1 kg -1 dry weight. As the measurement temperature was increased to 15°C, 25°C, and 35°C, the fractional increase in respiration over each 10°C-temperature increment (Q 10 ) was 2.06, 2.69, and 2.56, respectively. These Q 10 values were 2.17, 2.48, and 2.69, respectively, for plants grown at 25°C/15°C, and 2.28, 2.49, 2.75, respectively, for plants grown at 35°C/25°C. The respiration rate of leaf bases for the four measurement temperatures for plants from 25°C/15°C averaged 28% lower than for plants from 15°C/15°C (p < 0.01) and the rate for those from 35°C/25°C averaged 21% lower than those from 25°C/15°C (p < 0.01; Table 1 ).
Discussion
Agave tequilana had a poor tolerance of low temperatures, which mainly reflected a small capacity for low-temperature acclimation as growth temperatures were lowered. Cellular uptake of the vital dye neutral red was halved at -6.0°C for plants grown at high day/night air temperatures of 35°C/25°C, this value decreasing 2.2°C for plants grown at low temperatures of 15°C/5°C. Such a low-temperature acclimation of only 1.1°C per 10°C decrease in temperature is relatively slight for agaves, as 13 of the other 19 species examined have a greater low-temperature acclimation (Nobel, 1988) . The agave that is least tolerant of low temperatures (vital dye uptake halved at -6.4°C), Agave sisalana, shows no low-temperature acclimation and the two most cold tolerant, Agave parryi and A. utahensis (dye uptake halved near -19°C), have a mean low- (Nobel & Smith, 1983; Nobel, 1988) . Consistent with its small capacity for lowtemperature acclimation, 13 of the 19 other agave species that have been examined can tolerate lower temperatures than did A. tequilana (Nobel, 1988) . The poor low-temperature tolerance of A. tequilana is consistent with its lack of cultivation in colder regions of Jalisco. In particular, it is not cultivated where air temperatures were less than -4°C during 1996. Colder temperatures can occur in other years; for instance, low-temperature damage leading to some leaf necrosis for A. tequilana was observed in the field near Arandas, Jalisco (102°10' W, 20°35' N) at 1800 m a few months after a local low air temperature of -7°C on 2 January 1996 (F. J. Flores & P. S. Nobel, unpublished observations). Also, agave leaf temperatures at midleaf can be up to 4°C below air temperature on clear nights (Woodhouse et al., 1983) . Therefore, A. tequilana probably cannot be successfully cultivated in regions where the air temperature occasionally becomes -7°C. On the other hand, it is not cultivated in regions of Jalisco where temperatures exceeded 36°C in 1996, whereas its leaves can tolerate 55°C. Thus, the limits to its commercially successful cultivation by high temperatures are apparently not in response to lethal cellular responses to high temperatures but rather to other physiological aspects related to its harvest, namely, the influence of high temperatures on the amount of carbohydrates stored in its stem plus leaf bases.
Daily net CO 2 uptake over 24-h periods for green leaves of A. tequilana was highest for day/night air temperatures of 15°C/5°C, decreasing 10% at 25°C/15°C, and 72% at 35°C/25°C. Daytime net CO 2 uptake decreased even more sharply with increasing temperatures, representing 88 mmol m -2 (30% of the daily total) at 15°C/5°C, 21 mmol m -2 at 25°C/15°C, but with a loss of 28 mmol m -2 at 35°C/25°C. Thus carbon assimilation by leaves of A. tequilana was favored by low to moderate day/night air temperatures and was greatly decreased by high daytime and high night-time temperatures.
In contrast to the case for leaves, which have periods of both positive and negative carbon gain over a daily cycle, the achlorophyllous leaf bases exhibited only net CO 2 loss, as would the stem. The respiration rate of leaf bases per unit dry weight was about 25% less at a particular measurement temperature as the day/night growth temperatures were increased by 10°C. For all three growth temperatures, respiration increased with measurement temperatures; Q 10 averaged 2.17 from 5°C to 15°C, 2.55 from 15°C to 25°C, and 2.67 from 25°C to 35°C. Such Q 10 s are typical for respiration by plant tissues (Nobel, 1988) , and the changes with temperature are consistent with those for roots of A. deserti. In particular, respiration by its roots has an average Q 10 of 2.1 from 20°C to 30°C, with slightly lower values at 10°C to 20°C, and slightly higher values at 30°C to 40°C (Palta & Nobel, 1989) .
After growing for 6-7 years in the field and before the plants develop a resourceconsuming inflorescence, the stems plus attached leaf bases (the piña) of A. tequilana are harvested for tequila production. At this stage, the harvested piña can average 10 kg dry weight per plant of total dry weight 30 kg, about 14 kg of which comes from unfolded green leaves (Nobel & Valenzuela, 1987; Nobel, 1988 Nobel, , 1990 ; the area of both sides of such leaves is then about 21 m 2 per plant. Compared with low to moderate air temperatures of 15°C to 25°C during the daytime and 5°C to 15°C at night, net CO 2 uptake by the leaves of A. tequilana averages 70% lower at the high day/ night air temperatures of 35°C/25°C and respiration for its leaf bases/stems is threefold higher. Thus the daily carbon gain at a moderate PPF for the harvested plants would average about 283 mmol m -2 d -1 or 5.9 mol plant -1 d -1 for green leaves at the low to moderate day/night temperatures, and 1.8 mol plant -1 d -1 at the high temperatures. Assuming that the achlorophyllous leaf bases and the stem have the same respiration rate, carbon loss by the 10 kg piña would be about 1.2 mol plant -1 d -1 at low to moderate day/night temperatures (average rate of 1.4 µ mol s -1 kg -1 dry weight) and 3.6 mol plant -1 d -1 at high temperatures. The green exposed exterior of the central spike of folded leaves would presumably have net gas exchange similar to that of unfolded green leaves, which may approximately compensate for the respiratory losses of the inner part of the central spike and the root system, the latter of which averages only 11% of the plant dry weight for A. tequilana (Nobel & Valenzuela, 1987) . Thus, harvestable plants of A. tequilana would have a carbon gain of about 5.9 -1.2 or 4.7 mol plant -1 d -1 at the low/moderate day/night temperatures but a loss of 1.8 mol plant -1 d -1 at the high temperatures. In summary, the substantial daily carbon loss as day/night air temperatures become high -at or above about 35°C/25°C -greatly restricts where A. tequilana can be profitably cultivated, as carbon accumulation by the piña is crucial for its commercial success. Yet the species can survive in regions much hotter than where agronomically successful, as even leaf temperatures of 55°C were not lethal. On the other hand, A. tequilana is quite susceptible to low-temperature damage caused by sub-zero temperatures, as are many other desert succulents (Nobel, 1988) . The prediction of both low temperature limits and decreases in carbon gain at higher temperature lends credibility to using laboratory studies under controlled conditions for understanding and assessing plant performance in the field, an approach that can readily be extended to other species in arid and semi-arid region. Monsanto. 119 pp. Woodhouse, R.M., Williams, J.G. & Nobel, P.S. (1983) . Simulation of plant temperature and water loss by the desert succulent, Agave deserti. Oecologia, 57: 291-297.
